Both small GTPase and its activating protein (GAP) superfamilies exist in various eukaryotes.
INTRODUCTION
size of eukaryotes raise questions about the evolution of the small GTPase and GAP superfamilies.
Here, we report the identification of five families of small GTPase and their GAP genes in five eukaryotic organisms based on their complete genome sequence analysis. We then classified them by phylogenetic analysis using their domain amino acid sequences and assigned possible functions to un-characterized genes based on known functions of their homologs from within or in other species. We also estimated the numbers of these two superfamilies before their divergence among multiple organisms. In addition to this, we evaluated the contribution of genome duplications to the evolution of these two superfamilies. Finally, we analyzed the substitution rates of the domain regions in an attempt to uncover the selection pressures that shaped these two large superfamilies during evolution.
MATERIALS AND METHODS

Database Searches
We have used several ways to search and predict small GTPase and GAP genes. The representative amino acid sequences were obtained from the Pfam database (http://www.sanger.ac.uk/Software/Pfam/) and their corresponding domain sequences were used as query sequences. For all small GTPase and GAP genes from different organisms, both TBLASTN and BLASTP searches were conducted on their corresponding databases. For rice, the following databases were used: RGP (Rice Genome research Program, http://rgp.dna.affrc.go.jp/), TIGR (http://tigrblast.tigr.org/), Gramene (http://www.gramene.org/), melanogaster, both Flybase (http://www.flybase.org/) and NCBI databases were used for BLAST searches. For S. cerevisiae, both Saccharomyces Genome Database (http://www.yeastgenome.org/) and NCBI were used for the genome-wide searches. All predicted genes were used for similarity searches again in order to confirm predicted genes and to detect new candidates. Alternatively, the above databases were also searched using "small GTPase" and "activating protein" as keywords to achieve more genes.
Identification of Domains in the Predicted Genes
The Pfam program was used with E-value = 0.01 as the cutoff to confirm the presence of conserved domains in the predicted genes and use their sequences for phylogenetic analysis.
BLASTP in the NCBI and InterPro (http://www.ebi.ac.uk/interpro/) databases were also employed to detect conserved domains. Proteins confirmed by the domain searches were regarded as putative small GTPases or GAPs (referred to small GTPase or GAPs hereafter for convenience); otherwise, they were excluded from our data set.
Chromosomal Mapping and Detection of Duplicated Genes
For rice small GTPase and GAP genes, the chromosomal distribution of the predicted sequences was performed by searching the map position of corresponding YAC or BAC clones, using the RGP and Gramene databases. The data from references (28, 83, 84) was used to determine if any mapped genes were located in the duplicated regions. For Arabidopsis, both TAIR and MAtDB databases and the references (8, 71) were used for mapping and determining the presence of a gene in the duplicated regions of the genome. Both the human genome 7 segmental duplication (13, 
Sequence Alignment and Phylogenetic Analysis
Preliminary sequence manipulations were performed using the DNASTAR program.
Only domain sequences were used for further investigation. The sequence alignment was generated using ClustalX (Version 1.8) (72) trees were discarded for calculation of the consensus trees, based on the stationary phase. The remaining trees were imported into the PAUP program to construct 50% majority rule trees. The frequencies of clades on the 50% majority consensus tree provided the posterior probability support for the clades.
Estimation of Ka/Ks Ratios and Analysis of Functional Divergence
For calculation of Ka/Ks ratios, domain amino acid sequences were aligned first, and subsequently were transferred to original cDNA sequences. Ka/Ks values were then calculated using the yn00 program of the PAML package as described (82) . The Ka/Ks ratios were also used for evaluating the functional divergence by testing the C-value (C = (X -0.5N)/(0.5 X )) as reported earlier (73) . Full-length cDNA sequences were obtained to confirm that the majority of the small GTPase and GAP genes were functional by searching the following databases: 
RESULTS
Genome-wide Identification of Small GTPase and GAP Genes in Eukaryotes
To survey the small GTPase and GAP genes in eukaryotes, five different organisms, were Supplemental Tables S1 and S2 ). These genes were first identified by in silico genome-wide analyses, although a small portion were identified by experimental studies (3, 15, 41, 48, 53, 85) .
In the Arabidopsis genome, a total of 93 members of small GTPase genes have been identified and reported earlier (76) . In the current study, we detected 65 GAP genes in the genome ( Fig. 1A ;
Supplemental Table S3 ), of which 15 among 17 ArfGAP genes were previously identified (76) .
However, in the human genome, both small GTPase and GAP genes were predicted earlier (6, 16) and we have used these members for further analyses. In D. melanogaster, we identified 90 members of small GTPase genes ( Fig. 1A ; Supplemental Table S4 ) in contrast to the 64 members of GAP genes identified previously (6) . In S. cerevisiae, only 30 small GTPase genes were detected earlier (27, 70) . However, our analysis revealed at least 35 GAP genes in the yeast genome ( Fig. 1A ; Supplemental Table S5 ).
A positive correlation can be inferred between the genome size and the number of small GTPase and GAP genes per genome, although this relationship lacks direct proportion (Fig. 1B) .
Generally, the size of the small GTPase gene superfamily is larger than that of the GAP gene superfamily. The ratio of GTPases to GAPs is 1.18: 1 on average (Fig. 1A) . However, the yeast contains more members of GAPs than GTPases, thus the ratio is reduced to 0.86: 1 (Fig. 1A) . In addition to these, our analyses also showed that both superfamily genes accounted for 0.22-0.87% and 0.17-0.87% of protein-coding genes, respectively, in eukaryotic genomes, indicating the large sizes of these superfamilies. Among them, the small GTPase genes of the rice genome comprised only 0.22-0.35% of all estimated rice-coding genes. The percentage was reduced to 0.17-0.27% for the GAP superfamily (Fig. 1A) .
Both Rice and Arabidopsis Genomes Lack Ras Small GTPases and Their Activating Proteins
To classify the small GTPase and GAP genes, we retrieved amino acid sequences of those genes that were identified previously in all the 5 organisms. For the human small GTPase genes, RAC4 was not included as it was a pseudogene (16 Arf/SarGAPs, as well as 4 Ran and 3 RanGAPs (Fig. 2) . These genes were named using their species name followed by family name and the number for each gene. For example, the 47 members of the Rab family in Oryza sativa were named as OsRab1 to OsRab47. However, in animals and yeast, the Ras GTPase family was found in addition to those 4 families (Fig. 2) . The
Ras family was the first detected member of the small GTPase superfamily, which was absent in rice. A previous report also showed that the Ras members were absent in Arabidopsis (76). Our result also confirmed this observation (Fig. 2) . Similarly, RasGAP was also not detected in both plant species (Fig. 2) . On the other hand, SarGAPs were separated from ArfGAPs in rice, Arabidopsis, and S. cerevisiae, indicating more divergence in these organisms.
Small GTPases showed common motif structures whereas GAPs exhibited high divergence
Although small GTPase genes could be classified into 5 groups, they shared common motif structures (Fig. 3A) . All small GTPases contain 5 conserved motifs, named "G box"
sequences. The G1 box is a purine nucleotide binding signature with the structure aaaaGxxxxGK, where a = C, V, T, L, I, or M, and x = any amino acid. The G2 box is less conserved, providing major components of the effector-binding surface. However, this motif is highly conserved in the Ras family ( On the contrary, GAPs showed more divergence. While all representative domain sequences were aligned together, they showed no conserved residue with perfect homology (data not shown). In order to outline the conserved motifs, the representative sequences within each family were aligned separately (Fig. 4) . The alignment from RasGAP representatives showed four highly conserved blocks, block 1, 2, 3A, and 3B ( Fig. 4A ), similar to the previous report (52). All RhoGAPs contained a RhoGAP domain which exhibited 3 conserved blocks as shown in the alignment of representative domain sequences ( Fig. 4B ), confirming the previous report (43) . Most of the RabGAPs had the domain TBC (58) . This domain contained 6 highly conserved motifs named A-F (Fig. 4C ), which were important to catalyze the activity and to stabilize the architecture (58) . Different from other GAP families, most of the ArfGAP domain contained a cysteine motif CxxCxxxxxxxxxxxxxxxxxCxxC (Fig. 4D ) as described earlier (46) .
RanGAP is a leucine rich repeat (LRR) domain containing protein ( Fig. 4E ) and each LRR forms a short β-strand and a longer α-helix that result in a β-α hairpin motif (68) . On the other hand, many predicted or characterized GAP genes also encode other domains, similar to the small GTPases. Some of these domains were present in all families of GAP, some of them were family-specific, and others were species-specific (7).
Families of Small GTPase or GAP Genes Showed Differences in Family Expansion and Functional Divergence
Phylogenetic analysis showed that the eukaryotes had evolved with different sizes of families of small GTPase genes ( In order to analyze the functional divergence within a family, phylogenetic analysis was carried out using the domain sequences from different organisms. The Ras members from only 3 non-plant organisms were employed for phylogenetic tree construction due to absence of this family in plants. The analysis revealed five subclasses (I-V) of the Ras family (Fig. 5 ). Among them, both NKIRAS1 and NKIRAS2 were human specific; and only two subclasses (I and II)
were detected in S. cerevisiae (Fig. 5) . The members that group into the same subclass might 13 share a similar function or show less functional divergence. For example, Rsr1 in S. cerevisiae was related to human Rap1A with a similar function (47) , and belonged to the same subclass (I) (Fig. 5 ). All Rho members from 5 organisms were also grouped into 5 subclasses (I-V in Fig. 5 ).
Among them, Arabidopsis Rho GTPases were grouped into only one subclass (II), which was present in all 5 organisms. The human Rho GTPases have evolved into an extra subclass (V) with no homologs in other organisms. This class had three members: RND1, 2, and 3. In contrast, rice and Drosophila Rho GTPases were clustered into 3 subclasses (I, II, and III for rice and II, III, and IV for Drosophila) and the yeast had 2 subclasses (II and III) (Fig. 5 ).
Studies showed that the Rab family could be grouped into 8 subclasses (56) . However, 9
subclasses were clustered in this study due to the presence of an extra subclass (VI) in Drosophila including CG9807, 32670, 32671, 32673, Rab9D, and RabX2 (Fig. 5 ). Among these 9 subclasses, three were human and Drosophila specific, including subclasses IV, VII and IX.
Rice and Arabidopsis contained 5 subclasses (I, II, III, V, and VIII), which were present in both human and Drosophila. The class V was the largest one in Arabidopsis, containing 3 subfamilies as described (76) . However, only three subclasses (II, V, and VIII) could be detected in the yeast, which were present in other eukaryotes (Fig. 5) . Rice, human, and Drosophila contained 5 subclasses (I-V) of Arf GTPases (Fig. 5) . However, no Arf GTPase of subclass III was found in
Arabidopsis and subclass IV was absent in the yeast (Fig. 5) . No species-specific Arf GTPase was detected. On the other hand, Ran GTPases showed less divergence. In humans, only one Ran
GTPase gene was detected, and other organisms contained 2-4 members and all of them were classified into one functional group (Fig. 5 ).
Compared to the Ras family, the RasGAP family was grouped into only 4 subclasses (I-IV) (Fig. 6 ). Among them, the RasGAP in Drosophila was specific. No homolog was found in 14 the human and the yeast genome (Fig. 6 ). On the contrary, the RhoGAP family showed more divergence. Eukaryotes contained more members of the RhoGAP family than that of the Rho family. Except for humans, all the other organisms analyzed here diversified into more subclasses of RhoGAPs than that of Rho GTPases (Figs. 5 and 6 ). For example, only one class (II) of Rho GTPase family was found in Arabidopsis (Fig. 5 ) while 3 classes (II, III, and V) of
RhoGAP genes were detected in the genome (Fig. 6 ). On the other hand, two classes (I and II) of RabGAP family were detected only in rice and Arabidopsis (Fig. 6) , the potential candidates for plant-specific RabGAP subclasses. Both MGC16169 in human and CG4041 in Drosophila were grouped together and no members in this class (IX) were found in other organisms (Fig. 6 ). As for the ArfGAP family, only three subclasses (I, III, and IV) were detected in Drosophila, and all other organisms possessed 4 classes even though 5 classes were clustered for this family (Fig. 6 ).
The RanGAP family showed more divergence than the Ran GTPase family, and three classes (I, II, and III) were grouped (Fig. 6) , two of which contained only one member (RanGAP1 in humans for class II and RanGAP in Drosophila for class III), and other members belonged to class I (Fig. 6 ).
Genome Duplications Represent the Major Mechanism for Small GTPase and GAP Gene Expansions
To analyze the distribution of small GTPase and GAP genes, we first mapped the chromosome location of the rice gene family members (Fig. 7A) . These genes were mapped on all 12 chromosomes, indicating a wide distribution in the rice genome. Similar chromosomal distribution of these genes was observed in Arabidopsis as well (Fig. 7B) . However, in animals, no small GTPase and GAP gene was detected on the Y chromosome, and no GAP genes on human chromosome 21. On the contrary, differences were observed in the yeast, where chromosomes I, VIII, and X contained no small GTPase genes, and chromosomes I, III, and VII contained no GAP genes (Fig. 7B) .
To determine the contribution of the whole-genome duplication and reshuffling to the gene expansion of these two superfamilies, we compared the chromosome duplication pattern with the location of the small GTPase and GAP genes and their phylogeny. Fig. 7A shows the localization of small GTPase and GAP genes in rice chromosomes. Among these genes, 53.6 % of small GTPase and 65.9 % of GAP genes were mapped on hypothesized duplication / reshuffling genome regions indicated by red color. In addition to this, 12.7% of small GTPase and 10.6 % of GAP genes were tandemly clustered (blue color in Fig. 7, A and B) . A similar method was used for the analyses in the other 4 organisms. The result showed that 79.6% of small GTPase and 70.8% of GAP genes were distributed in duplicated regions of the Arabidopsis genome (Fig. 7B ). In the human genome, most of them were located within repeated regions including short interspersed nuclear elements (SINEs) and long interspersed nuclear elements (LINEs), and some of them were located on segmental duplication regions. As a result, 93.3 % of small GTPase and all GAP genes were mapped on duplicated or repeated genome regions (Fig.   7B ). In Drosophila, most of these genes were located on tandemly duplicated chromosome regions, and some of them were on inter/intrachromosomal duplication regions. Totally, 83.3 % of small GTPase and 90 % of GAP genes were found on duplicated genome regions (Fig. 7B) .
However, in the yeast genome, only 37.9 % of small GTPase and 34.3 % of GAP genes were located on duplicated regions, indicating some differences in gene expansions between the yeast and higher eukaryotes. In general, genome duplication due to segmental duplication or repeat elements significantly contributed to the gene expansions of small GTPase and GAP families, despite the differences in the percentages. On the other hand, 3.5-12.9 % of small GTPase genes in Arabidopsis, humans, and Drosophila and 4.6 % of GAP genes in humans were tandemly clustered on chromosomes (Fig. 7B ) and phylogenetic trees (data not shown), indicating a low level contribution of tandem duplication of small GTPase and GAP genes to the family expansions.
Large-scale Expansions Occurred After the Divergence from Their Ancestors
To infer the patterns of gene family expansions, we aligned the domain sequences from each of these superfamilies. The alignments were used to generate the phylogenetic trees shown in Fig. 8A . Subsequently, the phylogenetic tree was broken down into ancestral units, which were clades that were present before the divergence of these organisms according to the method described by Shiu et al (67) . The basal nodes of these ancestral units were labeled with closed red circles (Fig. 8A) . We found that there were 10 small GTPase and 12 GAP ancestral units in the phylogenetic trees based on all predicted genes in 5 organisms, respectively (Fig. 8A) . The result indicated that the ancestral organism contained small families of small GTPase and GAP genes and suggested that the large scale of expansions occurred after the divergence. A similar method was used for searching the numbers of the ancestral organism between human, and Drosophila and S. cerevisiae. The analysis showed that the ancestral organism among these three organisms contained 17 members of small GTPase and 16 GAP genes (labeled with closed black circles in Fig. 8A ). Subsequently, we further analyzed the gene numbers of the common ancestor between 5 organisms (Fig. 8B) . The common ancestor between human and Drosophila had the largest family size containing 53 small GTPase and 45 GAP genes (Fig. 8B) . After the monocotdicot split, their common ancestor still had small families with 34 small GTPase and 33 GAP genes (Fig. 8B) . These results confirmed that the large scale of gene expansions occurred after the divergence from their common ancestors.
The GAP Superfamily Diverged Much More Rapidly Than the Small GTPase Superfamily
To understand the divergence of small GTPase and GAP gene superfamilies, nonsynonymous substitutions per site (Ka) and synonymous substitutions per site (Ks) and their ratios (Ka/Ks) were estimated for these two superfamilies (Fig. 9) . The Ka/Ks ratios < 1 may result from the elimination of most nonsynonymous substitutions by purifying selection, the ratios > 1 indicate diversifying selection, and the ratios equal to 1 represent neutral selection (44).
All five small GTPase and GAP families showed the average Ka/Ks ratios with values less than 1 (Fig. 9, A and B) , indicating that the domains from these two superfamilies were generally subjected to purifying selection. Furthermore, all small GTPase families showed ratios less than 0.5 ( Fig. 9A ), while two of the GAP families (RhoGAP and ArfGAP) showed values higher than 0.5 (underlines in Fig. 9B ). The average ratio was 0.346 for the small GTPase superfamily, and this ratio was increased to 0.493 in the GAP superfamily (Fig. 9, A and B) . The higher mean Ka/Ks ratio implies that the GAP superfamily has generally diverged much more rapidly than that of the small GTPase superfamily. The implication was strengthened by another analysis where all average Ka/Ks ratios within organisms in the small GTPase superfamily were lower than their corresponding ratios in the GAP superfamily (Fig. 9, A and B) . The percentage of Ka/Ks ratios with the values less than 0.5 was 79.5% for the small GTPase superfamily while the percentage was reduced to 63.7% for the GAP superfamily.
On the other hand, although all average Ka/Ks ratios within organisms were less than 1 we found some pairs in Rab and RabGAP families which showed ratios higher than 1 when we analyzed the distributions of Ka/Ks ratios (Fig. 9, A and B) . These observations suggested that both Rab and RabGAP showed much more rapid divergence than other families and some members from these two families might be subjected to a positive selection. These might contribute to the expansions of these two families, and as a result, evolving into the larger sizes of families in the two superfamilies.
Most Divergence Due to Positive Selection Occurred in Common Ancestors
To further understand the divergence of domains from these two superfamilies, we estimated all Ka/Ks ratios based on all genes within a superfamily. Some of Ka/Ks ratios from human Rab and Arabidopsis RabGAP families showed values higher than 1, indicating that divergence due to positive selection had occurred. Except for the Rab in humans and RabGAP in Arabidopsis, all ratios within an organism showed values lower than 1 (Fig. 9, A and B) , indicating the divergence within an organism was under purifying selection. However, the Ka/Ks ratios between organisms were different from those within the organisms (Fig. 9, A and B) . Since some of Ka/Ks ratios from each family showed values higher than 1, sliding window analyses were conducted based on all Ka/Ks ratios within a superfamily (Fig. 9C) . The analysis clearly showed that some Ka/Ks ratios for both small GTPase and GAP superfamilies have values higher than 1, indicating functional divergence due to the action of positive selection among organisms.
The result suggested that most of the divergence due to positive selection occurred in common ancestors despite some positive selection in both human Rab and Arabidopsis RabGAP family.
DISCUSSION
The Small GTPase and GAP Genes Are Ubiquitous and Ancient Superfamilies
Despite the prediction of small GTPase and GAP genes in humans by genome-wide analysis (6, 16) , such a complete set of information is not available so far in other eukaryotes.
For example, in the Drosophila genome, GAP genes were identified (6), but there was no report on small GTPases. In contrast in the Trypanosoma brucei, S. cerevisiae and Arabidopsis genomes, only small GTPase genes were detected (1, 22, 27, 30, 76) and no GAP genes were identified. Apart from these, despite the availability of complete rice genome sequences (28, 83) , there was no report so far on the genome-wide identification of either GTPase or GAP genes. In addition to this, comparative and evolutionary analyses of these small GTPases and their GAP superfamilies from different groups of organisms have not previously been reported. We have not only identified the small GTPases in Drosophila, GAP genes in the budding yeast and
Arabidopsis genomes and both of these superfamily genes in the rice genome, but have also compared these genes with human genes and analyzed their evolutionary significance.
Small GTPase and GAP genes are not only present in eukaryotes but also in at least 7 prokaryotic genomes (19, 25, 55) , indicating that these were ancient superfamilies. However, prokaryotes do not use small GTPases in the same way as eukaryotes do (11) . The universality, higher divergence between eukaryotes and prokaryotes, and strong conservation within eukaryotes suggested that the major functional diversification of the small GTPases occurred after the separation from prokaryotic ancestors but before the diversification of present eukaryotic groups, as suggested by Jekely (38) .
Expansion/Contraction of Small GTPase and GAP Superfamilies and Retention/Loss of Duplicates
More than 90% of genes in the genomes of humans, mice, and rats were present as a single copy in the common ancestor of primates and rodents 65 to 110 million years ago (37, 50, 60) . However, 10 small GTPase and 12 GAP genes have been detected in the common ancestor of animals, plants and the yeast, indicating the expansion events occurred in an ancient era. On the other hand, the small sizes of the two superfamilies suggested that the large-scale expansions might have occurred after the divergence from their common ancestors. Subsequently, we surveyed the distribution of members from two superfamilies in genomic chromosomes. The 20 results showed that the majority of members were mapped on duplicated regions, suggesting genome duplications as the major mechanism for the expansion of these two superfamilies. This finding was confirmed by the fact that larger size of genome contained more members of small GTPase and GAP genes (Fig. 1B) . Relatively small sizes of these superfamilies in the yeast might be due to the very low gene duplication rate (26) and low percentage of duplicated regions in the genome (81) compared with other genomes, and as a result, fewer members were located on duplicated regions, exhibiting limited expansions.
In general, the eukaryotes have evolved into different sizes of families of small GTPase genes ( Figs. 2 and 8A ). Among them, the Rab family is the largest one in general, consisting of nearly half of the small GTPase genes in some eukaryotic genomes. The Ran family is the smallest one. Only one member was detected in the human genome, 2 members in Drosophila and S. cerevisiae, and 4 members in plants. Similarly, the GAP superfamily was also grouped into five families in humans, Drosophila, and the yeast and no RasGAP could be detected in plants. However, inconsistent expansion was observed between small GTPases and their corresponding GAP families (Fig. 1C) . For example, only 23 Rho genes were detected in the human genome while 70 RhoGAP genes were predicted in the genome (Figs. 1C and 2 ). Except for S. cerevisiae, the largest family is Arf/SarGAP instead of the RabGAP family in the GAP superfamily. Therefore, duplication-based expansions are restricted to certain families, not all families, and different families showed different expansion rates.
One may argue that various genomes contain different sizes of small GTPase and GAP gene superfamilies because of the presence of different pseudogenes in corresponding genomes.
During gene expansion, duplicated genes probably became pseudogenes and non-functional. In order to test if duplicated genes had evolved into pseudogenes, the pairs' Ka/Ks ratios were estimated and tested statistically. The ratio of 0.5 was taken as conservative criterion to test if both copies of the gene duplicates are functional (73) . The Ka/Ks ratios of two superfamilies were showed in Fig. 9 . All of average Ka/Ks ratios for each organism were lower than 0.5 (Fig. 9,   A and B) . We then tested statistically the null hypothesis that Ka/Ks ratios were likely to be less than 0.5 or higher than 0.5. The calculated C-value (See Materials and Methods) is 18.51 for the small GTPase superfamily, and 8.02 for the GAP superfamily, indicating that the probability of the null hypothesis is very low (P << 0.001 and P < 0.01, respectively). Therefore, most of the pairs are functional in both copies of the duplicated genes. The results were confirmed by the fact that more than 90% of the yeast small GTPase and GAP genes were experimentally functional based on the database search of Gene Ontology (http://www.geneontology.org/).
Among 111 rice small GTPase genes, 85 were detected to contain full-length cDNA sequences (Supplemental Table S1 ) by searching 28,000 KOME full-length cDNAs sequences (42) .
Similarly, 61 among 85 rice GAP genes were detected to have cDNA sequences (Supplemental Table S2 ). In Arabidopsis and Drosophila, at least 76.7% of genes were detected to contain cDNA sequences (Supplemental Tables S3 and S4 ). These findings indicate that pseudogenes are not likely the major contributing factor in the size differences among 5 organisms.
On the other hand, gene duplications occurred frequently, however most were lost during evolution (45) . Most gene families were small, and large families were exceptions rather than a norm (66) . This study showed that large-scale duplications mainly contributed to the gene expansion and some families exhibited less or no expansion. At least four large-scale duplication GAP genes (Fig. 8) . These facts suggested that after duplication of these genes, most of them might have been lost and only a small number remain.
Because the rates for both duplication and loss are high in general, it is of interest to consider how natural selection appears to have differentiated retention of duplicated genes in different families of small GTPase and GAP genes. After gene duplication, one copy might be silenced by a deleterious mutation, or degenerated and ultimately disappear due to the absence of any selective constraint within the genome (65) . Alternatively, both copies may acquire complementary degenerative mutations (23) . A third possibility is that the duplicated genes quickly changed to produce novel or a subset of the original functions. Based on the analysis of Ka/Ks ratios, the small sized families usually possess lower ratios, thus, most duplicated genes may be degenerated and a few of them may be retained due to the complementary degenerative mutations. As a result, the families remained small. On the other hand, larger sized families usually have higher Ka/Ks ratios and the ranges of distribution of Ka/Ks are also wide, containing higher percentage of Ka/Ks ratios with values higher than 1. Therefore, higher percentages of duplicated genes were retained due to the presence of novel biological functions, making families larger during the long evolutionary history.
The loss of the Ras family in the plant kingdom has been previously reported (76, 80) .
However, the loss of RasGAP in rice and Arabidopsis was not yet reported. In the phylogenetic tree as shown in Fig. 8A , the RasGAP family from non-plants was closely related to the RabGAP family. In the RabGAP family, two classes of members (Class I and II as shown in Fig. 6 ) were plant-specific. Why have both rice and Arabidopsis evolved into these two classes of proteins?
One implication is that the evolution of specific types of RabGAP proteins in higher plants may have been an adaptation to compensate the loss of function of RasGAP proteins. Another implication is that some families showed no expansion (for example Ran and RanGAP in humans) or less expansion (for Ran and RanGAP in plants as well as Rho family) and others showed high expansion. As a result, some gene lineages produced many descendants, whereas others produced fewer.
Evolutionary History of Small GTPase and GAP Superfamilies in Eukaryotes
Our analysis indicated that the small GTPases and GAP gene families in eukaryotes belonged to large families. However, the size of these superfamilies would likely be small in the common ancestor of animals, plants, and fungi. In this study, we estimated the numbers of small Those trees showed no significant differences when compared with the Bayesian consensus trees.
(B) Corresponding protein names within subclasses. These proteins within a subclass might have similar biological functions or show less functional divergence. 
